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Geosynthetic Reinforced Segmental Retaining Walls (GR-SRWs) are developing as well recognized earth retaining structures for their manifold
economic and technical advantages. It is a matter of great concern that still now a huge volume of natural coarse aggregate is used as ﬁller in GR-SRWs,
thus depleting natural resources and presenting a challenge for sustainable development. The main objective of this study is to examine the effect of
recycled coarse aggregates (RCAs) used as alternative granular inﬁlls in hollow facing column. As granular inﬁlls, two types of recycled aggregates were
used along with natural coarse aggregates (NCAs). Recycled aggregates were primarily selected based on the grading of the source waste concretes to
investigate its effect on the frictional behavior of recycled aggregates used as inﬁllers. Purely frictional capacity of I-Block inﬁlled with recycled aggregates
was compared to those inﬁlled by fresh aggregates. To eliminate the effect of shear pins on interface shear capacity of I-Block system inﬁlled with gravels,
none were used in purely frictional shear. A series of direct shear tests was performed using a specially designed and fabricated direct shear apparatus to
assess the frictional behavior of inﬁlled blocks under different normal loading conditions. The tests were conducted following the exiting ASTM and
National Concrete Masonry Association (NCMA) test protocols. The test results were outlined in the form of shear stress–displacement relationship to
compare the effect of recycled aggregate against the fresh aggregate. Shear capacity envelopes were also plotted using Mohr–Coulomb failure criterion to
ﬁnd out the angle of friction for each case. Test results reveal that the angle of friction of the blocks inﬁlled with the recycled aggregate is almost equal to
those with the fresh aggregate. The results also show that compressive strength of the source waste concretes has a little or no effect on the frictional
performance of recycled concrete aggregates used in facing units.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Nowadays, Geosynthetic Reinforced Segmental Retaining
Walls (GR-SRWs) are frequently used in many geotechnical
applications as earth retaining structures due to their sound0.1016/j.sandf.2015.02.006
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der responsibility of The Japanese Geotechnical Society.performance, esthetically ﬁne ﬁnishes, cost effectiveness, and ease
of construction. Since 1990, the use of geosynthetic reinforced
walls has increased dramatically along with the introduction of
segmental retaining wall (SRW) units (Hossain et al., 2009).
Typically, GR-SRWs consist of polymeric reinforcement, retained
soil, leveling pad and precast facing blocks as shown in Fig. 1.
In GR-SRWs, segmental retaining wall units (precast
modular block units) are used as the facing column, which
act as a temporary formwork during the placement and
compaction of backﬁll soils. They also provide transverseElsevier B.V. All rights reserved.
Fig. 1. A typical geosynthetic reinforced segmental retaining wall (NCMA,
2010).
Fig. 2. Schematic of the innovated I-Block (dimensions in mm).
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(Bathurst and Simac, 1997). In Malaysia, geotechnical engi-
neers have been widely experimenting on GR-SRWs for the
last few decades (Lee, 2000).
Even though GR-SRWs have both a competitive economic
and technical advantage over other mechanically stabilized
earth (MSE) technologies, sustainable development in the
future is a matter to be considered for GR-SRW construction.
To set up a GR-SRW, a huge volume of natural construction
materials (particularly ﬁll materials) is used. At the same time,
a large volume of concrete waste is generated by the renova-
tion and redevelopment of infrastructures for urbanization.
Oikonomou (2005) reported that approximately 40% of the
concrete waste produced is demolition waste. The preservation
of natural resources and reduction of concrete waste is of great
concern to researchers, civil engineers, government ofﬁcials
and society as a whole.
Precast modular units (hollow/solid) are used as the facing
column for these types of walls. In the case of hollow facing
units, granular inﬁlls are used to provide positive interlocking
between the successive vertical courses of units, which
develops additional shear capacity (Bourdeau et al., 2001).
Guler and Astarci (2009) demonstrated that granular inﬁlls
(gravel) increased angle of friction as compared to other inﬁll
(sand). Typically, natural aggregates are used as inﬁll and
backﬁll materials in retaining wall constructions, which is
expensive and unsustainable since it involves the annihilation
of natural resources.
During the last decade, a considerable amount of research has
been done on the recycled concrete aggregates (main component
of crushed old concrete) and its application into structural
concretes and concrete pavements (Limbachiya et al., 2000;
Chiu, 2006; Eguchi et al., 2007; Anderson et al., 2009; Simth,
2009). However, few reports can be found focused on the usage
of recycled aggregates in GR-SRW construction (Santos et al.,
2013; Tatsuoka et al., 2013). This study simply concentrates on
the utilization of recycled concrete aggregates as alternative
inﬁller materials for segmental retaining walls. Some preliminary
results of this investigation were published by Bhuiyan et al.(2011). Two types of recycled aggregates were used as granular
inﬁlls along with natural aggregates. Recycled aggregates were
randomly nominated based on the compressive strength of the
source waste concretes, and the effect of this strength on the
frictional behavior of recycled aggregates used as inﬁllers was
investigated. The purely frictional capacity of I-Block inﬁlled
with recycled aggregates was compared to those inﬁlled by fresh
aggregates. A series of direct shear tests was conducted with
different types of granular inﬁlls under different loading condi-
tions (ASTM D 6916-06c, 2006; NCMA, 1997). Shear stress–
shear displacement graphs were drawn to compare the perfor-
mance of the inﬁlled concrete units with gravels. Shear capacity
envelope graphs were also plotted by using Morh–Coulomb
failure criterion under ultimate strength condition.
The results of this study demonstrate that interface shear
capacity of the blocks inﬁlled with the recycled concrete
aggregates (RCAs) is almost equal to those with natural coarse
aggregate (NCA). The use of recycled concrete aggregates
(RCAs) is not only cost effective but also environment friendly
and it provides the construction industry with another alter-
native for use as inﬁll for their segmental retaining walls.2. Materials and methods
2.1. Segmental concrete wall unit
A newly designed segmental unit system is used in this
research. The innovated concrete unit is named I-Block due to
its geometrical shape (Fig. 2). The I-Blocks are wet cast
masonry units made from 30 N/mm2 concrete (NCMA, 2010),
which consist of one center web and a tail/rear ﬂange that
extends beyond the web. The rear ﬂange is tapered to allow the
blocks to form curve walls. I-Blocks are ﬂat interface modular
concrete blocks which can be stacked either with or without
shear connectors. The maximum tapered angle of the I-Block
is approximately 11.31. I-Blocks are basically double open-
ended units and provide a larger hexagonal hollow space in
conjunction with two units, and the equivalent hole dimensions
Table 1
Physical and mechanical properties of I-Block.
Property Value
Dimensions (WuHuLu)a in mm 376 301 500
Weight (kg) 41–42
Oven dry density (kg/m3) 2166
Water absorption capacity (%) 7.1
Moisture content (%) 3.7
Net compressive strength (MPa) 8.0
aWu¼width (toe to heel), Hu¼height, Lu¼ length (parallel to the wall face). Grain size (mm)
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Fig. 3. Grain size distribution curve for inﬁllers.
Table 2
Physical properties of granular inﬁlls.
Property NCA RCA-1 RCA-2
Bulk densitya (kg/m3) 1527 1336 1410
Speciﬁc gravitya 2.63 2.42 2.48
Water absorption (%) 0.48 5.51 3.70
Void contentb (%) 42 45 43
Alkalinity (pH) 9.30 8.76 11.42
Uniformity coefﬁcient, Cu 1.69 2.22 1.83
Coefﬁcient of curvature, Cc 1.00 1.32 1.10
Fineness modulus (FM)c 7.16 6.82 7.47
aSaturated surface dry.
bOven dry.
cFM¼{Σ (cumulative % retained on 1-1/2”, 3/4”, 3/8”, nos. 4, 8, 16, 30, 50,
and 100 Sieves)}/100 (ASTM C 136-01, 2001).
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300 mm in height. The inﬁlled weight of the block varies
approximately from 88 to 95 kg according to the unit weights
of the granular inﬁlls used in this investigation. Table 1
summarizes the physical and mechanical properties of the
blocks.
2.2. Granular inﬁlls
Three different types of coarse aggregates were used in this
series of tests as granular inﬁlls. The hollow cores between the
blocks were inﬁlled with natural coarse aggregates (NCAs) and
two different types of recycled concrete aggregates (RCAs).
The recycled aggregates were produced by crushing 30 grade
normal concretes (RCA-1) and 60 grade palm oil fuel ash
(POFA) concretes (RCA-2). Two different grades of concretes
were arbitrarily chosen to observe the effect of compressive
strength on the frictional behavior of recycled aggregates used
as inﬁllers. The broken and tested I-Blocks were used as
source of RCA-1, whereas the tested and spared POFA
concrete cylinders were utilized as raw material for RCA-2
(Saﬁuddin et al., 2014). The natural (fresh) aggregates were
crushed limestone aggregates collected from a local aggregate
supplier. The recycled aggregates were produced by crushing
hardened concrete wastes manually using a hammer in a lab.
The nominal maximum particle size (percentage retained
o¼10% by weight in largest sieve) of NCA and RCA-2 is
25, while 19 mm for RCA-1.
The particle size distribution of the granular inﬁlls meets the
required ASTM standard size 57 gradations for gravel ﬁll and
drainage materials (ASTM D 448-03a, 2003). Fig. 3 shows the
gradation curve of the used inﬁllers. The RCAs had lower
densities and higher absorption capacities than NCA due to the
presence of adhered mortar, as outlined in Table 2. This is
consistent with the ﬁndings of earlier research work (Anderson
et al., 2009; Butler et al., 2011; Saﬁuddin et al., 2014). A
literature study of natural aggregates indicates that the absorp-
tion capacity of crushed limestone aggregates is 0.50% lower
than other NCAs (Neville, 1994). Fig. 4 views the photographs
of aggregates.
2.3. Test methodology
The apparatus was designed and developed at University of
Malaya (UM) to satisfy the ASTM and NCMA criteria for thefull-scale laboratory testing of segmental concrete units. It is a
modiﬁed large-scale direct shear box apparatus with a connection
testing facility for modular block units (Bhuiyan, 2012).
A general test setup for interface shear tests with an I-Block
system is illustrated in Fig. 5. According to the test protocols
(NCMA, 1997; ASTM D 6916-06c, 2006), two layers/courses of
modular block units were used for the interface shear tests. The
bottom course, consisting of two I-Blocks, was placed on a
platform so that the running joint coincided with the centerline of
the horizontal actuator and was laterally braced against a
restraining plate. The back of the bottom course was ﬁxed by
using a back support beam, which was bolted with platform to
prevent the bending of the bottom course during shear testing.
The hollow space between the blocks was ﬁlled with
aggregates and was lightly compacted using a steel rod. Due
to the tapered rear ﬂange, a small steel anchored plate was
placed at the back of bottom course to ﬁll the gap in between
the two blocks and to hold compacted aggregates. A single
I-Block was placed centrally over the running joint formed by
the two underlying units to simulate the staggered construction
procedure used in the ﬁeld. The double open-ended space of
the top block was ﬁlled up with aggregates and two (2) steel
plates were used to hold the inﬁlled aggregates of the top
block. A photograph of typical setup for interface shear testing
is shown in Fig. 6. In this test arrangement, approximately
57.5% of total interface shear area was occupied by the inﬁll-
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Fig. 4. Photographs of granular inﬁlls.
Legend
1   Bottom layer of SRW unit 7 Shear loading plate with stiff
gum rubber mat
13 Normal load piston
2  Top layer of SRW unit 8 Stiff rubber mat for normal 
load distribution
14 Vertical loading platen
3 SRW interface 9 Horizontal actuator 15 LVDT (2)
4   Back Support beam 10  Shear load piston 16 Data logger
5   Restraining plate 11  Pressure transducer 17 Support rail
6   Loading frame 12  Vertical actuator 18  Platform
Fig. 5. Generic interface shear testing arrangement (dimensions in mm).
M.Z.I. Bhuiyan et al. / Soils and Foundations 55 (2015) 296–303 299
Fig. 6. Photograph of typical test setup showing rubber mat, steel plate,
and LVDT.
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was covered by the concrete-to-concrete interface (19.9%) as
well as by the concrete-to-inﬁll interface (22.6%).
A surcharge/normal load was imposed by a vertical actuator
mounted with the loading frame using steel rollers to allow
movement of topmost block layer during shear testing (Fig. 5).
Serving as a double-acting hydraulic cylinder, the vertical
actuator was basically able to provide both pull and push loads
along with fast retraction. A normal load was applied over the
top block through two steps. Firstly, the piston of vertical
actuator was moved down slowly to the top block and the
downward displacement of the piston was physically con-
trolled by a ﬂow regulator valve mounted in the hydraulic
pump system. Secondly, whenever the vertical loading platen
came in contact with top block, an adjustable pressure knob
was used to control the surcharge load imposed for every
interface shear test. This surcharge load imposed over the top
block was maintained manually from zero to a desired load
that was simulated an equivalent height of stacked blocks. The
maximum normal load applied was simulated to an equivalent
height of 8 m wall.
Due the use of stiffer rubber mat over the top block, it can
be expected that almost 42.5% of applied normal load directly
transferred through concrete block frame and the remaining
surcharge load (57.5%) was conveyed by inﬁll. The shear/
horizontal load was applied to the top course and immediately
above the shear interface to minimize moment loading at a
constant rate of 1 mm/min of horizontal piston (ASTM D
6916-03, 2003). The constant rate of horizontal actuator was
maintained by another ﬂow regulator valve mounted in the
hydraulic pump system for the horizontal actuator. A steel
plate with a gum stiff rubber mat was attached to geosynthetic
loading clamp (Fig. 5) to concentrate the shearing load over
the centrally installed top block. A horizontal seating load of
0.22 kN was applied to the top block to ensure the close ﬁtting
of the block systems and after that the load and displacement
devices were set to zero (NCMA, 1997). The shear displace-
ment and load/pressure readings were continuously measuredand recorded during the tests by a data logger. The data were
recorded at 10 s intervals. Tests were continued until the
failure of shear resistance occurred. To check the accuracy of
the test executions, three identical tests were performed at
different normal loading conditions.
For each normal load level, the shear stress–displacement
relationship was plotted to compare the frictional behavior of
I-Block system under different granular inﬁlls. Shear stress
under peak (ultimate) was calculated using the following
equation:
Ultimate shear stress,
Vp ¼ Fp=Ai ð1Þ
where:Vp¼ultimate (peak) shear stress (kPa)
Fp¼ultimate (Peak) shearing load (kN)
Ai¼ total area of the interface surface (m2)Mohr–Coulomb failure criterion (Eq. (2)) was used to ﬁnd
out interface shear capacity at ultimate strength condition.
V ¼ N tan λþc ð2Þ
where:V¼ interface shear capacity (kPa)
N¼normal stress (kPa)
λ¼angle of friction (deg.)
c¼apparent cohesion (kPa)3. Result and discussions
The results of interface shear tests of modular concrete
blocks inﬁlled with recycled aggregates were compared with
the referenced (control) test type in which natural coarse
aggregates (NCAs) were used as granular inﬁlls. Shear stress
against displacement graphs were plotted to evaluate the
effects of recycled concrete aggregates (RCAs) on the interface
frictional behavior of inﬁlled blocks. Shear capacity envelopes
were also plotted to compare the variation of interface shear
capacity for hollow modular blocks inﬁlled with different types
of gravels used as inﬁller materials.
Figs. 7–10 compare the frictional behavior of hollow
concrete units inﬁlled with different types of granular materials
under different normal stresses. For each type of combination,
the shear stress increases gradually and reaches the maximum
(peak) value after a signiﬁcant amount of displacement (about
20 mm).
It is also found that maximum shear stress for the hollow
blocks inﬁlled with recycled aggregates slightly lower than
those with natural (fresh) aggregate. It might happen due to the
angularity and void content of the recycled aggregates used in
this investigation. From Table 2, it is seen that void content of
the recycled aggregates (43–45%) was higher than that of
natural coarse aggregates (42%).
Fig. 7. Shear stress versus displacement.
Fig. 8. Shear stress versus displacement.
Fig. 9. Shear stress versus displacement.
Fig. 10. Shear stress versus displacement.
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inﬁlls according to ASTM D 5821-01 (2001), it was found that
the fractured particles of recycled aggregates (RCAs) were
more angular and roughened in surface texture compared to
natural aggregates. A visual inspection revealed that the sharpedges of recycled aggregates were weaker than the edges of
fresh aggregate due to the presence of adhered mortar content.
As a result, the weaker sharp edges of recycled aggregates
were ruptured with the mobilization of block and ultimately
reduced the shear strength. A visual examination of the
recycled aggregates after shear testing revealed a considerable
amount of particle crushing. McKelvey et al. (2002) also
reported particle crushing during shear testing.
Figs. 9 and 10 demonstrate the signiﬁcant rises and falls in
shear stress throughout displacement, resulting in wavier shear
stress curves than the plots against low normal stresses (Figs. 7
and 8). This may be attributable to stress concentration at the
interface including the concrete-to-concrete contact area and
interlocking points of fractured particles (inﬁlls) because of
high surcharge pressure. The sudden drops and increeases in
shear stresses may be due to the locking and unlocking of the
aggregate particles with each other during shear resistance
mobilization. This continues with the advancement of the top
block, and ultimately reaches the maximum shear resistance
after a displacement of about 20 mm. This explains the
waviness of the curves, especially those for recycled aggre-
gates with sharper edges than the NCAs. In this type of hollow
facing units, it is expected that the shear resistance of the
inﬁlled block system is governed by the presence for granular
inﬁlls, which covers 57.5% of the total interface area. A
comparison of the shear load distribution at the interface of
inﬁlled block system against the empty block system (Bhuiyan
et al., 2011) reveals that on average of approximately 65% of
total applied shear load is directly resisted by the concrete
block frame itself and the remaining 35% is transmitted
through the inﬁller materials. Fig. 11 demonstrates the varia-
tion of percentage of the total applied shear load carried out by
the inﬁllers against different surcharge loading conditions. The
reason could be the high compressibility of granular materials
under normal loading (Touahamia et al., 2002) compared to
the rigid concrete block frame, which can transfer a signiﬁ-
cantly more surcharge load than inﬁllers at the shear interface.
Fig. 12 shows that the ultimate (peak) shear capacity envelopes
for the hollow I-Block system inﬁlled with different types of
coarse aggregates. The peak shear capacities of the hollow block
M.Z.I. Bhuiyan et al. / Soils and Foundations 55 (2015) 296–303302system inﬁlled with recycled aggregates (RCAs) were almost
equal to those with natural aggregates. The interface shear
parameters (angle of friction and apparent cohesion) of the tested
block system under peak criterion are summarized in Table 3.
The NCAs provided a slightly higher angle of friction as well as
greater apparent cohesion than the RCAs. This is likely due to the
shear load distribution at the interface of the inﬁlled block system,
where a signiﬁcant amount of applied shear load is resisted more
by the concrete block frame itself than the inﬁllers, as explained
in the previous paragraph. Therefore, it can be concluded that the
use of RCAs as inﬁller against NCAs in the hollow block system
has almost negligible effect on the interface shear capacity, and
that this effect on the shear strength can be ignored when
considering the larger issues of sustainable development in GR-
SRW construction and the minimization of concrete waste.
In a previous study, Bhuiyan et al. (2011) found that the
pure frictional angle of I-Block (wet cast masonry unit) with
ﬂat concrete-to-concrete interface is about 35.1o, which is
close to the angle of friction of (37.7o) of solid concrete block
(dry cast masonry unit) with ﬂat concrete-to-concrete interface
as reported by Bathurst et al. (2008). By comparing the angle
of friction of the empty block system against the inﬁlled block
system, it was found that the presence of inﬁll materials into
the hollow block system deﬁnitely increases the angle of
friction of the block system about 22.8%, 20.5% and 22.2% for
NCA, RCA-1 and RCA-2 respectively (Table 2). Fig. 130
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Fig. 12. Interface shear capacity versus normal stress.shows the increment of interface shear capacity of the inﬁlled
block system compared to those at the empty condition under
different normal loading conditions. It is seen that the boxes in
Fig. 13 outline the total amount of increment of shear load for
each type of applied normal loads. Although, Touahamia et al.
(2002) demonstrated that the purely frictional angle of crushed
concrete (391) was much lower than crushed basalt (511) but
the recycled aggregate inﬁller performed very well against
NCAs with segmental concrete units and the combined angle
of frictions of inﬁlled block system with RCAs very close to
those with NCA, as outlined in Table 2. A comparison of the
angle of friction of the RCAs indicates that the grading of
concrete waste has very little or no effect on the interface shear
capacity of the block system inﬁlled with recycled aggregates.
Furthermore, Fig. 13 also demonstrates that the difference
among the peak interface shear capacities (upper limits of the
boxes) of the inﬁlled block system for a certain amount of
applied normal load is very little, and indeed negligible.
Granular inﬁlls not only increase the angle of internal friction
but also augment the apparent cohesion (normal-stress indepen-
dent shear strength) of the system. This might happen due to the
interlocking mechanism of the crushed gravels, which enhances
the positive interlocking between the blocks and also increases the
self-weight of hollow units. Guler and Astarci (2009) also reported
that gravel ﬁll (unit weight of 16.2 kN/m3) increased the angle of
friction for hollow segmental block system than sand ﬁll (unit
weight of 15.8 kN/m3). Touahamia et al. (2002) recommended
that recycled aggregates (crushed concrete) could be used as an
alternative to natural aggregates for ﬁlling purposes where the
settlement requirement was not an issue of concern. The authorsTable 3
Interface shear parameters of the tested block system for different types of
inﬁlls.
Granular inﬁll Angle of friction, λ (deg.) Apparent cohesion, c (kPa)
NCA 43.1 30.5
RCA-1 42.3 30.0
RCA-2 42.9 25.9
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Fig. 13. Increment of interface shear capacity for inﬁllers.
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potential to be used as recycled material.
4. Conclusions
Among different types of segmental concrete units, hollow
units are widely used in facing columns for reinforced soil
retaining walls because of their cost-effectiveness and ease of
handling. The cavities of the hollow concrete blocks are mainly
ﬁlled up with granular inﬁlls to provide better interlocking among
the courses of the facing units like mechanical connectors.
Natural (fresh) aggregate is used in huge quantities as inﬁller in
segmental retaining wall construction. This is expensive and is
environmentally unsustainable.
In this study, two different recycled aggregates were used as
granular inﬁlls and the frictional performance of these aggregates
was compared against fresh aggregate. The following major
conclusions can be drawn from this comprehensive study: The interface shear capacity (peak) of blocks inﬁlled with
recycled concrete aggregate (RCA) is almost equal to that
of those with natural coarse aggregate (NCA). The grade of concrete has little or no effect on the frictional
performance of the recycled concrete aggregate used in
facing units. The use of recycled aggregate GR-SRWs minimizes con-
crete waste and is sustainable. Recycled concrete aggregates
(RCAs) are an alternative inﬁll material for used for
segmental regaining walls.
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